CD8 ϩ cytotoxic T lymphocytes (CTLs) play an important role in containment of virus replication in primary human immunodeficiency virus (HIV) infection. HIV's ability to mutate to escape from CTL pressure is increasingly recognized; but comprehensive studies of escape from the CD8 T cell response in primary HIV infection are currently lacking. Here, we have fully characterized the primary CTL response to autologous virus Env, Gag, and Tat proteins in three patients, and investigated the extent, kinetics, and mechanisms of viral escape from epitopespecific components of the response. In all three individuals, we observed variation beginning within weeks of infection at epitope-containing sites in the viral quasispecies, which conferred escape by mechanisms including altered peptide presentation/recognition and altered antigen processing. The number of epitope-containing regions exhibiting evidence of early CTL escape ranged from 1 out of 21 in a subject who controlled viral replication effectively to 5 out of 7 in a subject who did not. Evaluation of the extent and kinetics of HIV-1 escape from Ͼ 40 different epitope-specific CD8 T cell responses enabled analysis of factors determining escape and suggested that escape is restricted by costs to intrinsic viral fitness and by broad, codominant distribution of CTL-mediated pressure on viral replication.
Introduction
HIV-1-specific CD8 ϩ CTL responses are induced in primary infection (1, 2) and multiple lines of evidence suggest that they make an important contribution to control of acute and early viral replication (for review see reference 3). Prophylactic and therapeutic vaccination strategies are being designed to target this arm of the immune response; however, there are several factors that may limit their success (4) . Among these is viral sequence variation leading to immune escape (5, 6) . A better understanding of the mechanisms by which HIV-1 evades control by the primary CTL response may thus help to facilitate rational vaccine design.
Both we and others have demonstrated selection for viral variants able to escape control by epitope-specific CTL responses during acute and early HIV-1 infection (7, 8) ; however, problems associated with studying T cell responses in natural acute HIV-1 infection, including limited availability of suitable samples and the sequence variability among infecting virus strains, have made it difficult to generalize these findings, leaving many important questions unanswered. CTL escape has been shown to be a hallmark of acute/early simian immunodeficiency virus infection (9) . Is it also typical of acute HIV infection? To what extent and with what kinetics are epitope-specific responses evaded, and what are the factors that control this? And how do the primary CTL response and associated viral escape relate to the persisting viral load established?
To begin to address these questions, we analyzed the epitope specificity, breadth, and pattern of immunodominance within the primary CTL response to autologous virus Env, Gag, and Tat proteins in addition to the extent, kinetics, and pathways of virus escape during acute and early HIV-1 infection in three patients representative of groups establishing persisting viral loads in the highest and lowest ranges (10) . In all three patients, we observed very rapid escape from components of the primary HIV-specific CD8 T cell response, demonstrating the potency of CTL pressure on viral replication. However, there were marked differences in the subsequent extent and kinetics of escape in these individuals. By analyzing features of epitope-specific CD8 T cell responses escaped to differing extents/ with differing kinetics, we were able to gain insight into the interacting factors that determine CTL escape, providing evidence that escape is restricted by viral fitness constraints and is promoted when a response makes a particularly dominant contribution to control of viral replication (due to its magnitude and/or efficacy). These results have implications for HIV vaccine design, supporting the importance of restriction of viral escape from CD8 T cell control and suggesting means by which this may be achieved.
Materials and Methods
Patient Samples. All patients presented to hospital emergency rooms affiliated with the University of Alabama at Birmingham and were studied, with written informed consent, according to protocols approved by the University's Institutional Review Board. The clinical profiles and viral loads of the three study subjects have been reported previously: WEAU and BORI are patients 1 and 3, respectively (11) , and SUMA is patient 4 (12) ; additional viral load data has been described previously (13) . Peripheral blood samples were collected in acid citrate dextrose. PBMCs were isolated and cryopreserved as described previously (1); plasma was also cryopreserved.
Recombinant Vaccinia Viruses (rVVs). rVV vSC8, which expresses only Escherichia coli ␤ -galactosidase ( ␤ -gal) was obtained from B. Moss (National Institutes of Health, Bethesda, MD). rVVs coexpressing ␤ -gal and full-length gp160 or Gag proteins or sections thereof derived from the autologous HIV-1 in patient BORI at 9 days following onset of symptoms (DFOSx), and viruses expressing the Tat protein from patient SUMA's autologous virus at 8 or 69 DFOSx were produced by homologous recombination into the thymidine kinase gene of VV strain WR as described previously (7) . Protein expression was confirmed by Western blotting.
Peptides. Synthetic peptides were purchased as Pepsets produced in a peptide-amino acid format (Mimotopes) or were synthesized by the protein chemistry unit (Institute for Animal Health) using Fmoc or TBoc chemistry.
IFN-␥ ELISPOT Assays. IFN-␥ ELISPOT assays were performed as described previously (14) . In brief, MultiScreen plates (MAHA S45; Millipore) were coated overnight with anti-IFN-␥ capture antibody 1-D1K (5 g/ml; Mabtech), washed four times, and blocked. Patient PBMCs were added at 10 5 -2 ϫ 10 5 cells/ well and incubated for 18 h with peptides (at 10 Ϫ 5 M) or 10 g/ ml phytohaemagglutinin (Sigma-Aldrich) as a positive control. Duplicate wells in which cells were incubated with medium only were included on each plate as a negative control. Plates were washed again, and IFN-␥ spots were detected using 1 g/ml biotin-conjugated anti-IFN-␥ mAb clone 7-B6-1 (Mabtech), 1 g/ml anti-biotin-ALP (Vector Laboratories), and a chromogenic alkaline phosphatase substrate (Bio-Rad Laboratories). Spots were enumerated using an AID automated image analysis system with AID ELISPOT version 2.5 software (Autoimmun Diagnostika GmbH). Results are expressed as mean (of duplicate or triplicate wells) spot-forming cells per 10 6 PBMCs. In epitope mapping experiments, responses were considered positive if they exceeded the background counts (spots formed after stimulation of PBMCs with medium alone) by Ͼ 50 spot-forming cells/10 6 PBMCs. All positive responses were confirmed in a minimum of three independent experiments.
51 Cr Release Assays. 51 Cr release assays were performed as described previously (7) . Target cells were autologous or allogeneic EBV-B-LCL, either infected ‫ف‬ 18 h before the assay with rVVs (at a multiplicity of infection of 10 PFU/cell) or left uninfected and pulsed with synthetic peptides during the assay. rVV infection of target cells was confirmed by fluorescein di-␤ -d -galactopyranoside (FDG; BDH Laboratory Supplies) staining for ␤ -gal expression as described previously (15) . Target cells were used at 1.5 ϫ 10 4 cells/well. Effector cells were either polyclonal CTL, produced by culturing patient PBMCs for 10 d with 10 U/ml IL-2 (Glaxo SmithKline) and anti-CD3 antibody (produced from hybridoma OKT3) or short-term CTL lines generated by limiting dilution culture. These were used at effector:target ratios of at least 50:1 for polyclonal CTLs or 5:1 for lines. All variables were assayed in triplicate. Results are expressed as the percent specific 51 Cr release, calculated (as mean test counts Ϫ mean spontaneous counts/mean maximum counts Ϫ mean spontaneous counts) ϫ 100.
Viral Sequencing. Gp160, Gag, and Tat genes were amplified by nested PCR from plasma HIV-1 RNA and sequenced. In brief, HIV-1 RNA was isolated from virions in plasma using a QIAmp Viral RNA Mini Kit (QIAGEN), and cDNA was prepared from replicate plasma virus RNA preparations (4,000-8,000 RNA molecules/reaction) using SuperScript II (Invitrogen). Replicate cDNA samples (1, 10, 100, or 1,000 molecules each) were subjected to nested PCR amplification as described previously (7), using primer sequences listed in Table S1 (available at http://www.jem.org/cgi/content/full/jem.20040511/DC1). The PCR products were cloned into pCR-XL-TOPO (Invitrogen), and double-strand sequence analysis was performed using an ABI 373A Sequenator and the Taq Dye Primer Cycle Sequencing Kit (ABI). The sequences were analyzed using Sequencher (Gene Codes Corp) and Microgenie (Beckman Coulter) software packages.
Online Supplemental Material Fig. S1 shows computer-generated models of index HIV-1 epitope peptides and variants thereof bound to their restricting HLA class I molecules. Table S1 depicts primers used for nested PCR amplification of HIV-1 genes from plasma viral RNA. Table S2 shows the number of CD8 T cells producing IFN-␥ in response to stimulation with epitope peptides at time points in acute, subacute, and early infection in patients BORI, WEAU, and SUMA. Online supplemental material is available at http://www.jem.org/cgi/content/full/ jem.20040511/DC1. a The NH 2 -and COOH-terminal amino acid numbers of each epitope/epitope-containing region within the subject's autologous virus Env, Gag, or Tat protein sequence are shown. Where the optimal epitope sequence was determined, the amino acid sequence of the epitope (as present in the subject's autologous virus at the earliest time point analyzed) is also given. The residues within each optimal epitope sequence are coded to indicate the extent of amino acid variability at that position amongst the HIV-1 clade B sequences listed in the HIV sequence database (reference 21). Residues shown in regular text were invariant amongst all sequences compared; at bold positions, there was very low variability, with Ն95% of sequences sharing a common amino acid; at italicized positions, there was more variability, with Ͻ95 but Ͼ79% of sequences sharing a common amino acid; and at underlined residues, there was greatest variability, with Յ79% of sequences sharing a common amino acid. b The HLA class I allele presenting each epitope is shown, where known. In some cases, the restriction of the epitope-specific response was determined experimentally, whereas in others the presenting HLA allele was deduced based on previous reports of the HLA restriction of the epitope concerned (reference 46). cells/mm 3 , respectively). Conversely, SUMA established a very low persisting viral load (2,268 HIV-1 RNA copies/ml at 278 DFOSx) and maintained a high CD4 count (722 cells/mm 3 ) throughout 7 yr of follow-up (13) . Initial analysis of the primary CTL response in these subjects indicated that responses to Env, Gag, and/or Tat were particularly immunodominant (reference 1 and unpublished data); thus, we focused our analysis on these proteins. We began by mapping the epitopes recognized by CD8 ϩ T cells derived from each patient during the first 3 mo of infection.
Results

Characterization of the
To avoid missing T cell responses due to sequence differences between the patients' autologous virus proteins and heterologous reagents, epitope mapping was performed using reagents corresponding to the earliest available sequence of each patient's autologous virus (15, 9 , and 4 DFOSx in WEAU, BORI, and SUMA, respectively). In WEAU and SUMA, epitopes were located by screening overlapping synthetic peptides corresponding to their autologous viral gp160, Gag (p24/p17), and Tat sequences, whereas in BORI, epitope-containing regions in gp160 and Gag were initially located by testing the recognition of rVVs expressing sections of the autologous virus gp160 and Gag sequences followed by more precise epitope mapping within these regions and also in Tat using synthetic peptides.
The epitopes to which responses were identified in each patient, together with their HLA restriction where characterized, are shown in Table I . Responses to between 8 and 24 epitopes were identified in each patient, emphasizing the potential breadth of the virus-specific CD8 ϩ T cell response in primary HIV-1 infection (16). The HIV-specific CD8 response in patient SUMA was directed against a minimum of 24 epitopes in gp160, Gag, and Tat alone, with limited analysis of the HLA restriction of these responses revealing usage of all four HLA-A and -B alleles, and at least one HLA-C allele. Notably, the epitope breadth of the CD8 ϩ T cell response to gp160, Gag, and Tat in SUMA was almost twice that in WEAU, and more than twice that identified in BORI. Furthermore, individual epitope-specific responses in patient SUMA also used a broad array of T cell clones (unpublished data).
Next, we compared the relative magnitude of the T cell response to the different epitopes each patient recognized during acute (HIV-1 ELISA and immunoblot negative), subacute (antibody indeterminant), and early (antibody positive) infection. This analysis ( Fig. 1 and Table S2 ) revealed marked differences in the relative immunodominance of epitope-specific responses within the primary HIV-specific CD8 ϩ T cell response in the three individuals. Most notably, in the two patients who subsequently established high persisting HIV-1 loads, the virus-specific CD8 ϩ T cell response during acute HIV-1 infection was highly biased toward one (WEAU) or several (BORI) viral epitopes. Although the response in these patients evolved after control of the acute viral burst to become somewhat less heavily weighted toward the initially immunodominant epitopes, it still remained very unevenly biased: in WEAU, Ͼ90% of the T cell response analyzed was directed against just five viral epitopes in early infection, and there was a similar picture in BORI. In contrast, although there was also a hierarchy of epitope immunodominance in SUMA's primary HIV-specific CD8 ϩ T cell response, with responses to two epitopes (gp160 EL9 and Tat MY9) being particularly prominent during acute infection, the CTL response rapidly became more evenly balanced, so that in early infection, only ‫%02ف‬ of the response was directed toward these epitopes and ‫%08ف‬ was spread over the remaining epitopes.
The avidity of the T cell response to certain of the epitopes recognized in each patient was also evaluated (Fig.  1) . Analysis of the relationship between the avidity and immunodominance of T cell responses to different epitopes during acute and early infection revealed that the most immunodominant responses in all three patients were frequently of moderate-to-high avidity (Ն10 Ϫ7/8 M), although there was not a significant correlation between avidity and immunodominance.
Analysis of Selection for Sequence Changes within CTL Epitope-containing Regions. Next, we investigated the extent, kinetics, and mechanisms of viral escape from each of the epitope-specific CD8 ϩ T cell responses identified in the three study subjects. Direct population sequencing of gag, env, and tat genes from uncultured plasma virus RNA (cDNA) from serial time points was performed, as described previously (7, 17) . The same genes were molecularly cloned from plasma viral RNA (cDNA) and individual clones were sequenced. Both approaches were used to identify changes in the plasma virus quasispecies of the three subjects over the course of 556-772 d of follow-up. Particular attention was given to sequences encompassing the epitopes shown to be recognized by each patient's CTL response. In all, 298 complete genes and 1,044 subgenomic fragments, together totalling 840,000 nucleotides, were analyzed (GenBank/EMBL/ DDBJ accession nos. AY281863-AY282367, AY223719-AY223754, AY223761-AY223790, and U21135). Changes that emerged within stretches of sequence containing one or more CTL epitopes (epitope-containing regions) are shown in Fig. 2 . Complete replacement of the initial (highly homogeneous) virus population with viruses bearing nonsynonymous sequence changes within one or more epitope-containing regions was found to occur with very rapid kinetics in all three patients (Fig. 2) . In BORI and WEAU, there was rapid selection for amino acid changes in multiple epitopecontaining regions (6 out of 7 in BORI and 4 out of 14 in WEAU) within the first year of infection. Conversely, of the 24 epitopes recognized by SUMA, there were changes during the same time frame in only a single region of Tat that was targeted by CTL responses against three overlapping CTL epitopes. Only much later, at 736 DFOSx, were changes detected in a fourth epitope in the env gene.
Effects of Amino Acid Changes Selected In Vivo on Epitope Recognition or Processing. Next, we examined the phenotypic effects of these changes on virus susceptibility to CTL recognition. First, the ability of synthetic peptides corresponding to the index and variant sequences of each variable epitope to sensitize autologous target cells for lysis by polyclonal patient CTLs was evaluated. In the vast majority of instances where the frequency of epitope-specific CTLs was high enough to permit this analysis, the amino acid changes that were selected for within epitope sequences were found to reduce the ability of the epitope peptide to sensitize target cells for CTL lysis by at least 10-fold, and in some cases to undetectable levels (Fig. 3) . We did not investigate directly whether this was due to impairment of peptide binding to MHC and/or to alteration of recognition of the peptide-MHC complex by T cells after binding to MHC. However, computer-generated peptide-MHC models of the index and predominant mutant forms of epitope peptides whose HLA restriction was known (Fig.  S1 , available at http://www.jem.org/cgi/content/full/jem. , and the sequence of independent clones was determined. Each panel shows the deduced amino acid sequence of clones from a single epitope/epitope-containing region. Where overlapping CD8 T cell epitopes were identified within one region, their relative location is indicated. For each epitope/epitope-containing region, the deduced amino acid sequence of the predominant viral species present at the earliest time point tested (the index sequence) is shown in full. Any variant sequences present at this time point, plus all sequences determined at subsequent time points were compared with the index sequence; variant amino acids are indicated, with a dash (-) denoting amino acid identity. The slash (/) denotes an amino acid deletion, and insertions are indicated by vertical pipes. At each time point, the proportion of clones analyzed that had a given sequence is shown, and the total percentage of clones analyzed with variant sequences is also indicated. Sequence analysis of the WEAU gp160 AY9 epitope at time points from D16 to D136 was reported previously (reference 7).
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20040511/DC1) suggested that in the majority of cases (7/8 examples analyzed), the amino acids that were altered did not form part of the TCR contact surface. Conversely, alterations in MHC anchor residues (e.g., positions 2, 3, and/or 9 of the HLA-A29-restricted epitope SFEPIPIHY; position 5 of the HLA-B14-restricted epitope ERYLKDQQL; and position 2 of the HLA-B44-restricted epitope AENL-WVTVY) were relatively common.
Although in the majority of cases tested, the amino acid changes selected for within epitope sequences reduced the ability of the epitope peptide to sensitize target cells for lysis in vitro, one of the exceptions to this was the position 2 threonine (T) to lysine (K) change in the Tat MY9 epitope in patient SUMA (Fig. 3 c) . The region of Tat where this epitope was located also contained two other overlapping CTL epitopes (Fig. 2 c) , whose recognition was ablated by the amino acid changes selected for in this region. Although the T cell response to the latter epitopes may have driven the emergence of these amino acid changes, this seemed unlikely given that these responses were not at all dominant in the patient's primary CD8 ϩ T cell response and were of very low avidity (Fig. 1) . This suggested that Figure 3 . Effect of the amino acid changes selected for in each subject's in vivo viral quasispecies on epitope-specific CD8 ϩ CTL responses. The relative ability of synthetic peptides corresponding to the indicated index and variant epitope sequences to sensitize autologous target cell lines for lysis by polyclonal CTLs derived from subjects BORI (a), WEAU (b), and SUMA (c) early after infection was compared using in vitro cytotoxicity assays. The results shown are the specific lysis (% specific 51 Cr release) of target cells incubated with the indicated concentrations of each peptide. the amino acid changes that emerged in this region of Tat may have been selected for because they conferred escape from the Tat MY9 response by affecting the processing of this epitope. To investigate this possibility, we generated two rVVs encoding the index (D8) and variant (D69) patient virus Tat sequences (which differed only in the F to L and T to K substitutions at positions 32 and 40), and compared their ability to sensitize autologous target cells for lysis by a CTL line specific for the Tat MY9 epitope. Both viruses expressed similar levels of Tat (Fig. 4 a) and infected target cells with high efficiency (Fig. 4 b) ; but only the virus expressing the index Tat sequence sensitized target cells for lysis by Tat MY9-specific CTLs (Fig. 4 c) . Together with the observation that the mutant Tat MY9 epitope peptide was able to sensitize target cells for CTL lysis just as efficiently as the index peptide (Fig. 3 c) , this result suggested that the amino acid changes at Tat residues 32 and/ or 40 in the D69 Tat sequence prevented processing of the Tat MY9 epitope for presentation with HLA-B15. Other instances of HIV-1 escape from epitope-specific CD8 responses via acquisition of mutations affecting antigen processing have been reported recently (18) .
A notable example of selection for amino acid change in an epitope-containing region to which a subdominant CTL response was mounted was at gp160 348-366 in WEAU. Sequence analysis of this region (Fig. 2) suggested selection pressure beginning as early as day 44, with fixation of a lysine (K) to glutamic acid (E) substitution by day 136. CTL reactivity to this region was too low to enable the effects of this mutation on the CTL response to be investigated, but in other studies involving the same subject, we found that this K to E substitution contributed to virus escape from autologous neutralizing antibodies (NAbs; reference 19).
Altogether, six out of eight epitopes in BORI had changes consistent with CTL escape, of which changes in five (gp160 SY9, gp160 EL9, Gag AQ9, Gag NP10, and Tat NY9) were confirmed to affect CTL recognition (Fig. 3  a) , with a sixth not tested. In WEAU, changes in 4 out of 14 epitopes suggested possible CTL escape with 2 (gp160 AY9 and gp160 SY9) confirmed as such (Fig. 3 b) . A third (Tat NF9) likely also represented escape by analogy with escape at the same Tat epitope in BORI (Fig. 3 a) . In SUMA, changes in 4 out of 24 epitopes, 3 of which were overlapping, all suggested escape. Three were confirmed as such (Figs. 3 c and 4) , and the fourth (gp160 EL9) was suggested by analogy with escape at the same gp160 epitope in BORI.
Features of Epitope-specific Responses Associated with Selection for Escape Mutations.
In total, 14 out of the 46 CTL responses studied here were associated with evolution of viral sequence changes suggesting possible CTL escape. Escape from responses directed against certain epitopes may be restricted by the costs of mutation to viral fitness (see next paragraph). Nonetheless, comparison of features of responses that were differentially escaped suggested that both quantitative and qualitative factors play a role in determining the pressure exerted by individual epitope-specific CTL responses on in vivo viral replication. The responses that were of highest magnitude during acute infection in each patient were among those that were escaped; but there was also evidence of rapid escape from relatively subdominant responses. Although many immunodominant responses were of high functional avidity (Fig. 1) , there was not strong evidence to support functional avidity being an important independent determinant of CTL escape. However, the protein specificity of responses did seem to play a role, as 5/7 (71%) responses to epitopes in Tat, a protein expressed early in the viral lifecycle, were escaped, whereas only 10/39 (26%) responses directed against gp160 and Gag were escaped in a similar time frame, a significantly lower proportion (P ϭ 0.026 as determined using Fisher's exact test). A recent in vitro paper lends further support to specificity being more important than avidity in determining the antiviral efficacy of CTL (20) .
Constraints on Viral Sequence Variability Restrict CTL Escape. To investigate the impact of sequence constraints imposed by the need to maintain viral replicative functions, we compared the extent and kinetics of escape from CTL responses directed against epitopes located in conserved and more variable viral sequences. In Table I , the epitope sequences are coded to reflect the degree of conservation of each amino acid among clade B HIV-1 sequences (21) . Some of the most highly conserved epitope sequences were those in Gag p24, including the HLA-B14-restricted Gag DQ11 epitope recognized by patient BORI, where constraints on immune escape due to the essential role of invariant amino acids have been reported previously (22) . No escape from responses to these highly conserved Gag p24 epitopes was observed. Certain gp160 epitopes were also relatively conserved, such as the HLA-A29-restricted gp160 SY9 epitope recognized by BORI and WEAU and the B14-restricted gp160 EL9 epitope recognized by BORI and SUMA. There was slow selection for amino acid changes that conferred some resistance to recognition by the T cell response directed against these epitopes; but these changes did not ablate epitope recognition altogether (Fig. 3) , likely reflecting constraints on the positions within the epitope at which even conservative amino acid changes could be tolerated (e.g., possibly just at position 5 in the gp160 EL9 epitope). In contrast, other epitopes, such as the overlapping Gag p17 epitopes (Gag AQ9 and Gag NP10) recognized by patient BORI, were located in more variable sequences where rapid acquisition of amino acid changes that conferred a high degree of CTL escape could likely be accommodated more readily.
Comparison of the Overall Extent and Kinetics of Escape from the Primary HIV-specific CTL Response in Patients BORI
, WEAU, and SUMA. The overall extent and kinetics of virus escape from epitope-specific CTL responses in each subject are illustrated in Fig. 5 . In every case, there was evidence for complete or near-complete fixation of escape mutants in at least one CTL epitope within 65-72 DFOSx. However, in BORI and WEAU, there was evidence of sequential fixation of multiple escape mutations within the first ‫1ف‬ yr of infection (Fig. 5, a and b) . Conversely, there was much more limited CTL escape in SUMA during the same time frame (Fig. 5 c) . To confirm the validity of the latter observation (and exclude the possibility that there was extensive escape from responses directed against epitopes in other viral proteins during early infection in patient SUMA), we have recently extended similar analysis to SUMA's primary CD8 T cell response against the entire autologous virus proteome. This revealed that there was no selection for escape-conferring amino acid changes within or around any other epitopes in the virus throughout the first year of infection (unpublished data).
The limited early viral mutational escape in patient SUMA ensued in the context of a CD8 T cell response that was broad and relatively evenly directed. In contrast, in patients BORI and WEAU, the primary CTL response was more heavily biased against a limited number of viral epitopes. This suggests the importance of broad, even distribution of CD8 T cell pressure in restricting viral escape, a hypothesis further supported by observation that the response to an epitope (gp160 EL9) that was recognized by both BORI and SUMA was escaped more rapidly in the former patient, where it formed part of a relatively unbalanced CTL response, than in the latter patient where it formed part of a broader, more evenly directed response (Fig. 5, d-g ).
Discussion
Understanding the dynamic virus-immune system interactions that take place during acute HIV-1 infection and how they may impact on the persisting viral load is important but technically challenging. In this paper, we characterized the primary CD8 ϩ T cell response to autologous virus Env, Gag, and Tat proteins (which together compromise ‫%54ف‬ of the viral proteome) and escape from this response in three HIV-1-infected individuals. We observed rapid escape from components of the primary HIVspecific CTL response in all three subjects, but found a marked difference in the subsequent extent and kinetics of escape in these individuals. By analyzing quantitative and qualitative features of CD8 T cell responses directed against Ͼ40 different epitopes and their escape from CTL control, we were able to gain insight into the interacting factors that determine CTL escape. Our results suggest that costs to intrinsic viral fitness and broad, codominant distribution of CTL-mediated pressure on viral replication restrict escape and imply that this may in turn influence the extent to which virus containment is achieved.
In all three of our study subjects, there was complete or near-complete replacement of the replicating viral quasispecies by mutants able to escape from components of the primary CTL response within 65-72 DFOSx, demonstrating the controlling pressure exerted by CD8 T cells on HIV replication during primary infection. In contrast, au-tologous HIV-1 NAbs were not detectable in the same subjects until 72 DFOSx or later, and NAb escape mutants were generally not found until later still (19) . These and other results (1-3, 7, 23) emphasize the difference in kinetics of the CD8 T cell and NAb responses in primary HIV-1 infection, and clarify that the virus-specific CD8 T cell response plays the dominant role in containing virus replication in the earliest stages of natural infection.
From the kinetics of replacement of wild-type virus in the plasma by escape mutants, we could calculate the selective advantage that escape from epitope-specific responses conferred on the virus, and hence gain a minimum estimate of the impact of the CTL response on viral replication. Based on frequency estimates of single point mutations of 10 Ϫ2 -10 Ϫ4 (24) (compatible with the reported HIV mutation rate of 3.4 ϫ 10 Ϫ5 mutations per base pair per single cycle of replication; reference 25), a virus generation time of ‫2ف‬ d (26) , and our observation that the earliest escape-conferring mutations reached fixation in the plasma viral population within 60-80 d, we calculated (24) the relative fitness advantage of mutant viruses over wild-type virus (in the face of CTL pressure) to be 1.12-1.36. Thus, individual epitope-specific CTL responses reduced viral replication by at least 10-30%; i.e., if a cell infected with wild-type virus has the capacity to produce 100 infectious virions in its lifetime (burst size), a CTL response to only a single epitope would reduce the burst size to between 70 and 90 infectious virions. We have shown previously how modest reductions in the lifespan of productively infected cells could elicit such an effect on virus burst size, and by inference, on plasma virus load (27, 28) . Notably, the CTL responses that drove complete selection for escape-conferring mutations most rapidly were directed against epitopes in Tat (the Tat NY9 response in BORI and the Tat MY9 response in SUMA, which were escaped to completion within 65/69 DFOSx, respectively). There is also other evidence for responses to Tat (and Nef and Rev) being particularly effective at controlling in vivo virus replication (9, 29, 30) . These proteins are all expressed early in the viral life cycle, allowing rapid epitope presentation on infected cells and providing a longer "window of opportunity" for CTL action, which in vitro studies have shown can considerably enhance the efficiency of CTL control of viral replication (20, 31) .
Although components of the primary HIV-specific CTL response were initially escaped with similar kinetics in all three subjects, there was a marked difference in the subsequent extent and kinetics of CTL escape in these individuals. In both BORI and WEAU, there was selection for mutations in multiple (four to six) epitope-containing regions within 218 DFOSx, whereas in SUMA there was acute phase escape in just a single epitope-containing region in the entire virus, and no further CTL escape until much later into infection (Fig. 5) . In all three subjects, CTL escape occurred as primary virus replication was being contained. Given that the escape-conferring mutations must have conferred a fitness advantage on the virus to have been selected for in the in vivo viral quasispecies, escape variant selection must, by definition, have affected the efficiency of Figure 5 . Extent and kinetics of escape-conferring mutation in epitope-containing regions in Env, Gag, and Tat in subjects BORI, WEAU, and SUMA. Panels a and e; b; and c illustrate (for subjects BORI, WEAU, and SUMA, respectively) the extent and kinetics of accumulation of mutations (with the exception of those shown not to confer CTL escape in Fig. 3 ) within epitope-containing regions in gp160, Gag, and Tat (% mutant) at time points analyzed during the first 400 DFOSx. In BORI, the five mutating regions shown constituted five out of seven epitope-containing regions identified in this patient; in WEAU, the 4 mutating epitope-containing regions constituted 4 of 14 regions to which responses were identified, and in SUMA the single mutating epitope-containing region (which contained the Tat FK10/VI10/MY9 epitopes) constituted 1 of 21 regions to which responses were identified. Panels d and f show the relative immunodominance (calculated as described in the legend to Fig. 1 ) of the response to the gp160 EL9 epitope in subjects BORI and SUMA respectively. Panels e and g illustrate the kinetics of accumulation of escape-conferring mutations (% mutant) in this epitope within the viral quasispecies in subjects BORI and SUMA, respectively. control of virus replication. It is notable that SUMA, whose virus underwent very limited escape from the primary CD8 T cell response, established a low set-point persisting viral load, whereas the other two patients, in whom there was much more extensive escape during the first 6 mo of infection, established high persisting viral loads. These observations are consistent with the hypothesis that the extent of acute-phase viral escape from the CD8 T cell response may be one of the factors that determines the persisting viral load established in early HIV-1 infection. In turn, the level of viral replication may impact on the kinetics of escape viral variant selection. However, the multiple observations (32) of rapid viral evolution to acquire resistance to antiretroviral agents in patients where the level of ongoing viral replication had been reduced to levels much lower than that in patient SUMA would argue against the viral load being the key factor limiting escape in this patient.
The differing levels of escape in these three patients occurred in the context of CTL responses that differed in both epitope breadth and in the relative immunodominance of responses to individual epitopes, with CTL pressure in patient SUMA being more evenly spread across a greater number of epitopes during early infection than in patients WEAU and BORI (Fig. 1) . We also observed that in all three patients, every epitope-specific CTL response that had a particularly high relative immunodominance in acute infection (comprising Ͼ25% of the overall T cell response to the Env, Gag, and Tat epitopes identified in the patient concerned) was escaped within ‫7-6ف‬ mo FOSx. Subdominant responses directed against epitopes in Tat, which likely also played a prominent role in in vivo control of viral replication, were also rapidly escaped. Based on these observations, we hypothesized that escape may be promoted by biasing of CTL pressure toward particular epitopes, and restricted by broad, codominant distribution of CTL pressure; and correspondingly that qualitative features of the HIV-specific CTL response may be important determinants of the efficiency of control of viral replication (perhaps more so than the magnitude of the response).
Consistent with this hypothesis, several studies have found no relationship between the total magnitude of the HIV-specific CD8 ϩ T cell response and the viral load at different stages of infection (16, 33, 34) . However, analyses of substantial distortion of the T cell repertoire by mono/ oligoclonal T cell expansions during primary HIV infection in patients who subsequently established high but not low persisting viral loads (35, 36) support there being an association between qualitative aspects of the primary HIV-specific T cell response and the efficiency of control of viral replication, and further suggest that biasing of the response toward immunodominant epitopes recognized by a limited number of T cell clones may be detrimental. Interestingly, two recent papers found no relationship between the number of epitopes recognized by the HIV-specific CD8 ϩ T cell response and the viral load (16, 34) . Neither paper compared the breadth of the primary CD8 response with the persisting viral load established in early infection; however, this observation could indicate that the relative immunodominance of epitope-specific responses (not reported in these papers) is more critical in dictating the efficiency of control of viral replication than the absolute number of epitopes recognized, or that other factors have a dominant influence on the efficiency of viral containment.
Another factor that likely has an important impact on the extent and kinetics of viral escape from epitope-specific CTL responses is the cost of escape to intrinsic viral fitness. Although we did not perform any direct comparison of the intrinsic fitness of viral isolates bearing index and mutant epitope sequences, the impact of viral fitness costs on escape was strongly suggested by comparison of the extent and kinetics of escape from CTL responses directed against epitopes in conserved versus more variable viral sequences. Several other papers (22, 37) also provide examples of high costs to intrinsic viral fitness restricting escape from CTL responses to particular epitopes. Although our results suggest that escape is less likely to occur if CTL pressure is codominantly directed against multiple viral epitopes (i.e., if many epitopes are recognized, and both the relative immunodominance and the in vivo efficacy of all responses are similar), selection for escape will also depend on the interplay of these variables with costs of escape to intrinsic viral fitness. Thus, for example, a response biased against a limited number of epitopes with very high escape-related intrinsic fitness costs may be escaped to a lesser extent than a broader response directed against epitopes where amino acid change is readily accommodated. The complexity of factors that interact to determine the extent and kinetics of acute-phase CTL escape may mean that the persisting viral load is not adequately reflected by consideration of any single parameter in isolation.
If escape from an epitope-specific CTL response is promoted as its contribution to overall control of viral replication increases, escape will be reduced not only as the breadth and codominance of epitope-specific components of the CTL response increases, but also as the contribution made by other arms of the immune response (e.g., antibody and CD4 ϩ T cell responses) to control of viral replication increases. In support of this, studies in murine virus infection models have illustrated not only that CTL escape is enhanced by biasing of T cell pressure toward a limited number of viral epitopes (for review see reference 38), but also that immune escape is promoted in situations where one arm of the immune response makes a particularly overriding contribution to overall control of viral replication (39) . Interestingly, we were able to detect a strong HIVspecific CD4 ϩ T cell response during primary infection in patient SUMA but not in patients WEAU or BORI (40) , which may have helped to increase the breadth of the effector T cell response.
Our observation of CTL escape in patients who were representative of individuals who naturally established persisting viral loads in the uppermost and lowest ranges (10) adds to a growing body of evidence suggesting that CTL escape is prevalent in HIV-1 infection (9, 41, 42) . If CTL escape constitutes a common and significant means of immune evasion in early HIV-1 infection, vaccination strate-gies should be designed to elicit a response that will have the minimal chance of being escaped after infection. Our findings indicate that one way in which escape can be reduced is by induction of a T cell response that exerts even pressure against multiple viral epitopes (e.g., composed of multiple epitope-specific responses of similar magnitude and efficacy). Experience has already shown that efficacious vaccine-induced CD8 ϩ T cell responses can be rapidly evaded if they are too narrowly directed (43) (44) (45) . However, our results further indicate that to reduce escape it will also be important to induce CD8 ϩ T cell responses to invariant sites in the virus, where escape is likely to be restricted by costs to intrinsic viral fitness. Thus, we predict that a CD8 T cell response-inducing vaccine is likely to achieve optimal control of virus replication by eliciting CTL responses of evenly high magnitude and efficacy to a series of viral epitopes that exhibit high escape-related costs to intrinsic viral fitness.
